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Persistent effects of repeated injections of I)-|ysel'_[_ic f _

acid diethylamide on rat brain 5-hydroxytryptamine and _ .....
5-hydroxyindoleacetic acid levels
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nt It is well known that o-lysergic acid diethylamide (LSD) experiment, the rats received either LSD or its injection
has marked effects on central 5-hydroxytryptamine (5-HT)- vehicle for 2 weeks and the animals were killed 15 days

'i- containing neurons. Aghajanian et al. [1, 2] reported that later.
a small dose of LSD blocks the firing of 5-HT neurons After decapitation the brains were quickly removed,
in the midbrain raphe. Similarly, the increase in 5-hydroxy- divided sagittally into equal left and right sides and each

Ln indoleacetic acid (5-HIAA) in rat forebrain produced by half was dissected into cortex, cerebellum, midbrain, pons-
an elevated environmental temperature and suggested to medulla, corpus striatum, and the remainder. The regions

_E be due to an increased firing of 5-HT neurons was also from the right side of the brain were homogenized in 4 6
}. _ prevented by pretreatment with LSD I-3]. In other studies, vol. of acidified butanol for the assay of 5-HT and 5-HIAA

LSD produced a short-lasting increase in the 5-HT level by the combined methods of Maickel et al. [17] and

and a corresponding decrease in the 5-HIAA level [4], Curzon and Green [18]. The remaining brain parts were
reduced 5-HT synthesis [5, 6], and blocked 5-HT release homogenized in 0.3 M trichloroacetic acid for the assay
[7-11] in rat brain. Depletion of brain 5-HT by p-chloro- of tryptophan by the method of Denckla and Dewey [19].
phenylalanine intensified the behavioral effects of LSD Table 1 shows the effect of 4 weeks of LSD treatment

_t. [12]. on 5-HT and 5-H1AA levels in the six brain regions stud-
Injections once a day of a small dose of LSD (20/_g/kg) ied. We have previously shown that repeated LSD injec-

6, for 2 weeks have been shown to result in a significantly tions (100ttg/kg/day for 14 daysl produce a marked m-
reduced 5-HT turnover in rat midbrain when measured crease in brainstem 5-HIAA level (35 per cent/ without
24hr after the last injection [13]. In contrast, a higher a significant change in 5-HT [14]. In the present work,
dose of LSD (100#g/kg) for 2 weeks [14] or the same in which the period of treatment was increased 1o 4 weeks

dose (20/lg/kg) given orally for 1 month [15] produced and the brainstem sub-divided into midbrain and pons-
!1 significant increases in rat brain 5-HT turnover, medulla, the 5-HIAA levels were not significantly different

Repeated LSD use in humans has been reported to from control values, although the midbrain 5-HT level

_- result in persistent reactions including "flashbacks," i.e. a showed a small but statistically significant increase (11 per
recurrence of certain drug effects long after the immediate cent, P < 0.05). This reduced effect of LSD on brainstem

c. effects of the drug have worn off (see for example Ref. 5-HT and 5-HIAA after extended treatment may be a re-
16). A frequent speculation has been that repeated LSD flection of the tolerance that occurs after repeated LSD

!n use may cause persistent neurochemical changes which treatments in the rat [20]. The only brain region studied
may underlie this phenomenon. We, therefore, investigated in which this long-term treatment with LSD had any

r- whether changes in 5-HT and 5-HIAA levels produced by marked effect was the cerebellum. The increase in 5-HIAA
;4 repeated LSD injections to rats persisted beyond the and the decrease in 5-HT are consistent with an increased

period of 24 hr after the final treatment previously studied. 5-HT turnover in this region.
1 Male Sprague-Dawley rats (85-100 g) were given injec- Table 2 shows the effect of 2 weeks of LSD treatment

tions once a day of LSD (100 gg/kg) in physiological saline on 5-HT and 5-HIAA levels measured 2 weeks after the
3, _ (2 ml/kg) by the intraperitoneal route. All injections were last LSD injection. The results were similar regardless of

given between 10:00 and 10:30 a.m. and unless otherwise whether daily saline injections (LSD + saline group) or no

I. stated the animals were killed by decapitation 24 hr after further treatment (LSD only groupl was given during the
the final injection. In the first experiment, the animals final 2 weeks. The 5-HT levels in cortex and midbrain
received either LSD for 4 weeks or LSD for 2 weeks fol- were significantly increased by both treatments without

lowed by saline for 2 weeks. The control group was given significant changes in 5-HIAA levels. The lack of change
r. daily vehicle (saline) injections for 4 weeks. In the second in the 5-HIAA level suggests that 5-HT turnover was not

ff
_. Table 1. Effect of 4 weeks of LSD treatment on 5-HT and 5-HIAA levels in various rat

;, brain regions*

r. 5-HT (rig/g) 5-HIAA (ng/g)

r. Brainregion Saline LSD Saline LSD

Cerebellum 407 ± 19 335 + 24"i 182 4-7 208± 7-t
Cortex 475 ± 33 550 _ 22 261 ± 14 263 ± 21

l, Midbrain 1156± 21 12824-357 645+ 16 612± 19
Pons-medulla 1203± 36 1111± 28 624 ± 22 643 ± 25

,. Striatum 1146 + 43 1116 ± 84 660 4- 27 724 _4-27
Remainder 795± 27 730 ± 49 563 +__9 537 ± 23

I-
* LSD (100/_g/kg) or saline injections were given daily for 28 days and the animals killed

2 24hr after the final injection. Results are given as mean ± S. E. M. for groups of ten or
more rats.

f P < 0.05 (t-test).
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]ab[e 2. f'_ffect of LSD and saline injections on 5-HT and 5-HIAA levels in various rat
brain regions*

5-HT (%, control) 5-HIAA C; control}

l:lrmn region LSD + ,saline LSD only LSD + saline LSD only

('crebclluna 100 ± 5 102 ± 4 98 ± 3 109 + 6
('orlcx 120 ± 4t 138 ± 8t 103 ± 3 104 ± 6
Midbrain 109+_3t 116+-3t 91 +__3 106+, 3
l)ons-medulhl 103 ± 6 107 ± 5 103 ± 4 89 ± 6
Striatum 92 ± 5 102± 5 100± 4 87+,5
Remainder 104 +_5 118 +_ 9 93 +_ 3 100 +_ 3

* Rats received daily LSD injections (100,ug/kg) for 14 days followed by either 14 days
of vehicle rejections [LSD + saline group) or 14 days wilhout further injections (LSD only
group). Results are given as per cent of the corresponding control value (2 or 4 weeks
salinc_.

-1-p , 0.05.

ahcred 15 da_s at'tot the last LSD injection, m marked REFERENCES
coutrast to _mr previous reports of a marked change in
5-111AA lc_cl and 5-HT turnover in brainstem or midbrain l.G.K. Aghajanian, H. J. Haigler and F. E. Bloom, L(/%

24 hr after the tired /,SD injection IlL 14]. However, there Sci. 11, 615 (1972).
was a c_msistem, increase m 5-HT level after the 15-day 2. H. J. Haigler and G. K. Aghajanian, Eur. d. Pharmac.

post-LSl) periled which, in the absence of changes in 21, 53 11973).
5-lllAA. suggests an increased 5-HT storage. It is interest- 3, G, K. Aghajanian and B. L. Weiss, Nature, Lond. 220,
ing Jm't a similar increase in cortical and midbrain 5-HT 795 11968).
was tbund in the 4-weck LSD experiment, although in cer- 4. J. A. Rosecrans, R. A. Lovell and D. X. Freedman,
cbral cortex Ihe apparent increase was not statistically sig- Biochem. Pharmac. 16, 2011 11967).
nificant (P < ().1 > 0.051. The increased level of 5-1-1T in 5. R. C. Lin, S. H. Ngai and E. Costa, Sciem'e, N.Y. 166,
two brain regions 15 days after the last of 14 daily LSD 237 (1969).

injections suggests a persistent LSD-induced neuroehemi- 6. J. Schubert, H. Nyback and G. Sedvall, Eur. J. Phar-
cal alteration. Itowcvcr, the signiticance of this increase mac. 10, 215 (1970).
and its possible relationship to the persistent effects of LSD 7. T. N. Chase, G. R. Breese and I. J. Kopin, Science,
use m man me not yet clcar. None of the brain regions N.Y. 157, 1461 11967}.
st,dicd sho_ed a tryptophan level which was significantly 8. R. 1. Katz and I. J. Kopin, Pharmac. Re.< Commlm.
dilthrent fiom the whole brain value of 5.81 +_0.20,ag/g. I, 54 (1969).
The tryptophan lcxels were not significantly altered by 9. M. Randic and A. Padjen, Nature, Loml. 2311, 532
LSI)tl-eatment. 11971).

In smllmury, two weeks after the last of 14 daily LSD 10. H. A. Tilson and S. B. Sparber, ,I. Pharmoc. exp. 7"her.
injections [l(l()itg:kg) to rats, there was a significantly in- 181, 387 (1972).
creased 5-tt"1 level in both midbrain and cerebral cortex 11. D. W. Gallager and G. K. Aghajanian, J. Pharmac.
withoul a changc in 5-ItlAA levels. This suggests that bio- exp. Ther. 193, 785 11975).
chemical off'eels of repeated LSD injections occur well after 12. J. B. Appel, R. A. Lovell and D. X. Freedman, Psycho-
the linal drug trcatmcnt, pharmacoloqia 18, 387 (1970).

Rats given daily LS1) rejections for 4 weeks and killed 13. D. A. V. Peters, J. Neurochem. 23, 625 (1934).
24 hr after the last injection showed a much smaller de- 14. D. A. V. Peters, Biochem. Pharmac. 23, 231 (19741.

crease in midbrain 5-HIAA than previously reported 24hr 15. J.-L. Diaz and M. O. Huttunen, Science, N.E 174, 62
after the last of 14 daily irjcctions of a smaller dose of 1197l).
ISl) _21_;_g,kgl, suggesting tolerance to the effects of LSD 16. D. V. Siva Sankar, LSD.-A Total S¢,dy, p. 314. PJD

_- with long-termIrcatment. Publications,NewYork (1975).
17. R. P. Maickel, R, H. Cox, Jr., J. Saillant and F. P.

l_,mm'h'd_lcmcm This study was assisted by funds from Miller, Int. J. Neuropharmac. 7, 275 11968).
the ()ntario Menial Health Foundation. 18. G. Curzon and A. R. Green, Br. J. Pharmac. 39, 653

( 1970}.

Dcl_m'tmem _!1I'harmacolo_ly, DAVID A. V. P_T_RS 19. W. D. Denckla and H. K. Dewey, J. Lab. din. Med.
I'acttttv o/.'Hcdi_im', SHUN TAN(3 69, 160 (1967}.
"/'It,' l:mccrsill glOtt,wa, 20. D. X. Freedman, J. B. Appel, F. R. Hartman and M, E.
Ottmc,t. Omari,), ('altmht Molliver, J. Pharmac. exl;'. Ther. 143, 309 11964).


